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Although fibroblast growth factor (FGF) signaling is critical for many developmental processes, the cellular
mechanism(s) by which FGF exerts its effects remains obscure. In recent papers, Neugebauer et al. and
Hong and Dawid focus on the role of FGF signaling on left-right axis patterning, showing that FGF functions
at least in part via an effect on ciliogenesis.The conserved FGF signaling pathway is
mediated by a large repertoire of ligands
interacting with a smaller number of cell
surface receptors. FGFs control multiple
developmental processes, including con-
vergent extension movements in zebra-
fish, gastrulation movements in mice,
and left-right (LR) patterning. Interest-
ingly, Fgf8 induces the expression of
nodal, a left-side marker in mice, while it
represses its expression in chick. Hence,
Fgf8 is a left determinant in mouse and
a right determinant in chick and rabbits,
and Fgf8 mutants show laterality defects
in both cases (Boettger et al., 1999;
Fischer et al., 2002; Meyers and Martin,
1999). Two recent papers in Nature and
Proceedings of the National Academy of
Sciences of the United States of America
examine the cellular mechanism by which
FGF regulates LR development and
present evidence implicating it in control
of ciliogenesis (Neugebauer et al., 2009;
Hong and Dawid, 2009). Hong and Dawid
have implicated two genes, ier2 and
fibp1, in the FGF signaling pathway in ze-
brafish. The somewhat surprising finding
was that morpholino and rescue experi-
ments pointed to a role for both these
molecules in ciliogenesis. Neugebauer
et al. arrive at the same conclusion using
multiple techniques including genetic
and biochemical manipulations. Addition-
ally, they demonstrate this function in
several distinct epithelia in both zebrafish
and Xenopus embryos, suggesting that
the connection between FGF signaling
and cilia is conserved.
Cilia are organelles with multiple func-
tions (Davis et al., 2006), including loco-
motion, fluid propulsion, cell-divisioncontrol, and signal transduction. They
play an essential role in the patterning
of the vertebrate left-right axis. A ciliated
‘‘LR organizer’’ that is spatially and
temporally linked to other organizer cells
is involved in the establishment/pat-
terning of the left-right axis in a range of
vertebrates. This organizer is called
Kupffer’s vesicle (KV) in zebrafish, the
gastrocoel roof plate (GRP) in Xenopus,
and the ‘‘node’’ (or PNC) in mice. Rapidly
beating cilia in the vertebrate LR organizer
generate a leftward nodal flow of extra-
embryonic fluid that is essential and suffi-
cient for the establishment of left-right
asymmetry. Fluid flow produces an
increase in intracellular calcium at the
left side of the LR organizer. Two models
have been proposed for the mechanism
by which fluid flow is translated into an
asymmetric calcium signal. The first
involves FGF-induced secretion of shh
and retinoic acid (RA)-containing vesicles
which are carried to the left margin of the
node by the flow (Tanaka et al., 2005). In
this model, cilia are required to generate
nodal flow, while FGF signaling indepen-
dent of cilia is required to interpret nodal
flow. A second model (the mechanosen-
sory model) relies on the integrity of cilia
to both generate and sense the nodal
flow (McGrath and Brueckner, 2003).
Using microarray analysis to compare
zebrafish embryos injected with domi-
nant-negative fgf receptor 4 (dnfgfr4) to
those injected with active fgf8 ligand
mRNA, Hong and Dawid (2009) identified
the nuclear protein immediate-early
response 2 (ier2) which was elevated in
response to fgf stimulation; yeast two-
hybrid screening then demonstrated anDevelopmental Ceinteraction between ier2 and fgf intra-
cellular binding protein (fibp2). Not
surprisingly, morpholino (MO) knockdown
of either ier2 or fibp2 lead to phenotypes
characteristic of disturbed FGF signaling,
specifically convergent extension and LR
defects (Hong and Dawid, 2009). Manipu-
lation of FGF signaling by MO knockdown
of two fgf ligands (fgf8 and fgf24),
receptor (fgfr1) by Neugebauer et al.
(2009), or downstream targets (ier2 and
fibp2) by Hong and Dawid (2009) all re-
sulted in perturbation of the normal left-
sided expression of spaw, the zebrafish
nodal-related gene, indicating that the
requirement to FGF lies upstream of spaw
expression (Neugebauer et al., 2009).
In zebrafish, the KV is a fluid-filled, cili-
ated structure that generates fluid flow
akin to nodal flow in mice. fgfr1 is ex-
pressed in the KV, and when Neugebauer
et al. (2009) specifically knocked down
fgfr1 in KV progenitor cells, the dorsal-
forerunner cells (DFCs), resulted in aber-
rant spaw expression. Remarkably,
a closer examination of the fgfr1 mor-
phants revealed that while KV morpho-
genesis was unaffected, the cilia, though
correctly positioned, were shorter. The
intraflagellar transport protein ift88 was
reduced in these animals, suggesting
that FGF signaling may exert its effects
on cilia via control of intraflagellar trans-
port. While Hong and Dawid (2009) noted
a dramatic loss of cilia in fgf8 MO
embryos, Neugebauer et al. (2009) did
not see a ciliary phenotype in fgf8 mutant
embryos (which may reflect residual
maternal fgf8 function in the mutants);
however, cilia length was affected by
fgf24 MO in an fgf8 mutant bacground,ll 16, April 21, 2009 ª2009 Elsevier Inc. 489
Developmental Cell
PreviewsFigure 1. Comparison of Potential Function(s) for FGF Signaling in Zebrafish and Mouse LR
Development
In zebrafish, FGF signals via ier2 and fibp1 to the DFCs as they are forming KV to establish normal cilio-
genesis. FGF signaling is also required at an as-yet-undefined time (indicated by the broad arrow)
following the establishment of KV flow to generate normal asymmetric signals. In mouse, the early require-
ment for FGF signaling at the stage of node formation and ciliogenesis remains to be proven. FGF is
required after the establishment of nodal flow (1–6 somites) for the translation of nodal flow to an asym-
metric perinodal calcium signal.suggesting that cilia length was controlled
redundantly by two separate FGF ligands.
In addition, knocking down ier2 or fibp1
singly also resulted in a decrease in both
cilia number and length. The double
knockdown, on the other hand, resulted
in an almost complete loss of cilia (Hong
and Dawid, 2009).
Pharmacologic manipulation of FGF
signaling by Neugebauer et al. (2009)
permitted a closer investigation of the
temporal window during which FGF
signaling affects LR development. Early
(shield stage, gastrula period, 6 hr post-
fertilization), but not late treatment re-
sulted in short cilia. Neugebauer et al.
(2009) suggest, however, that treatment
at later stages still affects LR asymmetry
without affecting cilia length. This sup-490 Developmental Cell 16, April 21, 2009 ªports at least two distinct temporal roles
for FGF in left-right patterning: while it
controls ciliogenesis in the LR organizer,
it has other downstream roles in left-right
patterning (Figure 1). It remains to be
determined whether the later roles in LR
patterning are also dependent on cilia.
The role of FGF signaling in ciliary
length control is evolutionarily conserved.
Furthermore, FGF signaling also affects
cilia length outside of the LR organizer.
In Xenopus, the gastrocoel roof plate
(GRP) is implicated in the establishment
of left-right asymmetry. This too is a cili-
ated structure exhibiting leftward flow
(Schweickert et al., 2007). Coinjection of
a dominant-negative fgfr1 along with
GFP in a subset of cells forming the GRP
shows that GRP cells expressing domi-2009 Elsevier Inc.nant-negative fgfr1 have shorter cilia
than their neighboring uninjected cells.
This phenomenon was also observed in
the mucociliary epithelium on the outside
surface of tadpoles and the otic vesicles
(ears) and pronephric tubules (primitive
kidneys) in zebrafish (Neugebauer et al.,
2009).
Thus, the authors of these papers have
established a crucial role for FGF in left-
right axis patterning via the control of cilio-
genesis and cilia length in the LRorganizer
tissue of zebrafish and frogs. It would be
interesting to see if this will hold true for
other organisms such as mice where
FGF has been attributed a more down-
stream role in the establishment of left-
right asymmetry. Furthermore, these
results raise the possibility that ciliary
function may underlie some of the other
biological processes regulated by FGF.
Since cilia have widespread develop-
mental functions, including kidney, liver,
and brain development, FGF signaling
may be exerting at least someof its effects
via control of ciliogenesis.
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